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The context of this study is salty lagoons a few centimeters deep that are found in the arid region of
the Andes Mountains in South America. The trophic structure of these aquatic ecosystems is supported
by microalgae and photosynthetic bacteria located in the upper part of the sediment, and wind is the
primary driver of mass and momentum transport through the water-sediment interface (WSI). This
study proposes and validates, based on laboratory experiments, a simple algebraic expression computing
dissolved oxygen (DO) exchange through the WSI considering benthic primary production. The algebraic
expression was derived by vertically integrating DO diffusion-reaction equation in sediments divided into
two layers: the upper heterogeneous layer where photosynthesis occurs and the lower layer where DO is
consumed by biochemical reactions. Experiments were conducted in a wind tunnel with a water tank of
variable depth that was at the downwind end of the experimental facility. Fresh sediments were placed
in the middle of the tank such that DO was both consumed and produced in the sediments. This particular
setup provides the required experimental conditions to measure the diffusion flux through the WSI, as
well as the rate of consumption and production in the sediment, based on DO microprofiles. Based on 48
samples, the theoretical expression to compute the DO flux through the WSI was successfully validated.
This expression can be used for computing DO exchanges fluxes across the WSI in shallow water bodies,
where benthic primary production releases DO to the water during the day, and DO is consumed during
the night.
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1. Introduction and forming the basis for the higher tropic layers, such as aquatic

macro-invertebrates and vertebrates (Hulbert and Chang, 1983;

The central depressions of closed basins in the elevated plateaus
of Chile, Argentina, Perd and Bolivia are characterized by land-
scapes formed by a crust of salt resulting from the evaporation
of water in saline lakes (Risacher et al., 2003; de la Fuente and
Nifio, 2010; de la Fuente, 2014). These ecosystems, locally known
salares, contain small and extremely shallow lagoons of a few cen-
timeters deep, which are formed by inflows of groundwater that
upwell at the perimeter of the salares and completely evaporate
(Kampf et al., 2005; de la Fuente and Nifio, 2010). Benthic commu-
nities develop in the upper part of the sediment in these lagoons
(Hulbert and Chang, 1983; Demergasso et al., 2003). The dominant
groups of benthic species are phototrophic bacteria and benthic
microalgae, which produce oxygen, contributing to the stability of
the sediments (Demergasso et al., 2003; Diaz-Palma et al., 2012)

* Corresponding author. Tel.: +56 2 29784401; fax: +56 2 2689 4171.
E-mail address: aldelafu@ing.uchile.cl (A. de la Fuente).

http://dx.doi.org/10.1016/j.ecolmodel.2015.05.007
0304-3800/© 2015 Elsevier B.V. All rights reserved.

Dejoux, 1993; Mascitti and Kravetz, 2002).

One of the most important parameters that describe the dynam-
ics of ecosystems is dissolved oxygen (DO; Wetzel, 2001). In
shallow water columns, production and consumption of DO can be
ignored. Consequently, the DO concentration in the water column
is determined by the diffusive exchange through the air-water and
water-sediment interfaces (Jargensen and Des Marais, 1990; Dade,
1993; Guatieri and Gualtieri, 2008). Both DO fluxes are promoted by
turbulence in the water column (Dade, 1993; Guatieri and Gualtieri,
2008). However, the DO flux through the water-sediment interface
(WSI) also depends on diffusive transport within the sediments and
the rate at which biochemical processes consume and produce DO
(Boudreau and Jergensen, 2001).

Previous studies of DO flux across the WSI focused only on sedi-
ment oxygen demand driven by biochemical consumption of DO in
the sediment. This DO flux explains the generation of anoxic condi-
tions in water lagoons, with the corresponding changes in chemical
balances and water quality (Wetzel, 2001). By including benthic
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Fig. 1. Conceptual model for calculating DO exchanges across the WSI with (left)
and without (right) primary production.

primary production, de la Fuente (2014) showed that the DO flux
across the WSI (hereinafter called J) can be positive (toward the
water column) or negative (toward the sediments) depending on
the rates of DO production and consumption in the sediments and
the DO concentration in the water column. However, de la Fuente
(2014) considered homogeneous conditions in the sediments, and
this assumption requires further analysis and validation. On the
other hand, complex models for computing the DO flux across
the WSI as a function of biochemical processes in the sediments
have been developed (Boudreau, 1996; Cerco and Seitzinger, 1997;
Sohma et al., 2008). However, these models either do not consider
the turbulent transport in the water column, or are computationally
expensive approaches that solve the diffusion-reaction equation of
a large number of chemical compounds. Considering that in some
practical applications, the use of complex models for the sediments
impose computational restrictions, the main goal of this article is to
propose a vertically integrated model for computing J, which takes
into account processes that occur both in the water and on the sedi-
ment side and where the sediment side is characterized by vertical
heterogeneity. The conceptual model divides the sediments into
two layers: the upper heterogeneous layer where photosynthesis
occurs and the lower layer where DO is consumed by biochemical
reactions. This model allows us to perform modeling of exchange
of DO across WSI for shallow lagoons. We then validate this model
with experiments performed in a wind tunnel with a water tank
of variable depth containing natural sediments with a thin layer of
microalgae that produce DO.

2. Methods
2.1. Conceptual model

The conceptual model for studying DO exchanges through the
WSI is shown in Fig. 1. From the water-side perspective, DO
exchanges between sediment and water are caused by diffusive
fluxes through the WSI, which can be computed as follows:

J= fD%\z:m = —k(Cw ~ Cws1) W
74

where D denotes the molecular diffusion coefficient that depends
on the water temperature, Cyy is the DO concentration in the bulk
fluid, Cyys; is the DO concentration at the WSI, and k is the diffusional
mass transfer coefficient.J> 0 implies that DO diffuses from the sed-
iment to the water and vice versa (Fig. 1). From the sediment-side
of WSI, DO flux can be modeled by solving the diffusion equation
in the sediment. At steady state, the relationship can be calculated
as

yc

¢Ds@ =1(z)-p(2) (2)

where ¢ denotes the upper layer sediment porosity, Ds denotes
the molecular diffusion coefficient modified by tortuosity effects
and p(z) and r(z)(gr O, m—3 d-1) denote the volumetric rate of pro-
duction and consumption of DO due to primary production and
biochemical consumption, respectively (Revsbech et al., 1981; Kiihl
and Jergensen, 1992; Bryant et al., 2010).

To include benthic primary production in the analysis, one must
consider that this production occurs in a thin layer in the upper
part of the sediment (Revsbech et al., 1986; Maclntyre et al., 1996;
Cerco and Seitzinger, 1997). The depth of this layer is limited by
the microalgae’s need for light to perform photosynthesis. On the
other hand three processes associated with DO consumption occur
within the sediments: the respiration by photosynthetic microor-
ganisms, the respiration by bacteria and oxygen uptake due to
inorganic chemical reactions (Wetzel, 2001). As production and
consumption due to photosynthetic organisms occur only within a
layer of thickness §,, two uptake rates are considered in the model:
one called 7, which is associated with the three processes of con-
sumption (within p), and another called 7, which represents the
rate of consumption due to bacterial respiration and inorganic reac-
tions below the photosynthetic active layer. According to previous
results from Kiihl and Jergensen (1992), Rasmussen and Jgrgensen
(1992) and de la Fuente (2014), ¥; and 7, are considered homoge-
neous.

Given mass conservation in the steady state, the vertically inte-
grated rate of DO production should be

P:f] 8p+_]+'\/2¢Ds f‘zC(gp (3)

where the first term on the right-hand side of Eq. (3) denotes the
rate of DO consumption within the active layer, J is the DO flux that
diffuses toward the water column, and the last term represents
the DO flux to the sediment below the photosynthetic active layer
where it is consumed. Finally, Cs, is the concentration at z= — §p.
The variability of the DO production rate in the sediment was
taken into consideration in solving Eq. (2) for the active layer. This
variability is due to the effect of light extinction through the sedi-
ment and the way microalgal metabolic processes react to different
light intensities (Jorgensen and Des Marais, 1988; MacIntyre and
Cullen, 1995; MaclIntyre et al., 1996). To address this vertical vari-
ability, is important to introduce the coefficient @ such that

0 0 =92
1
/ / p(2)dzdz ~ a% (4)
—8p Jz

where « accounts for the variability of the rate of DO production
and pé, = foa p(z)dz. In order to study the values of o we would
—0p

consider simple distributions of p(z) detailed in Table 1 and Fig. 2.
All of the cases shown in Table 1 and Fig. 2 satisfy p(—ép)=0, and
p(z=0)is the reference value called pn,,. It is observed the case ¢ =1
represents the case with homogeneous primary production in the
active layer. A linearly distributed primary production is associated
to o =4/3. Also, the case with the exponential decay of p(z) charac-
terized by a coefficient k, (m~1) provides 4/3 <« <2, being the limit
o =2 related to large values of k; (see curve =ky8p =50 in Fig. 2).
For convex distribution of p(z), 1 <« <4/3 was obtained. Given this,
itis concluded that the parameter « takes values in between 1 and
2.

With the definition of « of Eq. (4), Eq. (2) was integrated twice
to obtain GCs,- Further details of this double integration are given in
Appendix.

(O[P — 1_’] 5p)

C‘Sp = —Wap +

ﬁsp + Cwsi (5)
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Table 1

Summary of calculus of shape factor « for different distribution of p(z). pm is the reference primary production at the WSL. Vertical profiles of p(z)/pm are shown in Fig. 2.

p(2)[Pm P/pm 52 f fz 2) 7' dz o
Constant 1 1 1 1
Linear (1 + i) 3 5 3
Quadratic concave (1 + i) 3 i 3
Quadratic convex (1 ( (% ) % S i
. > 4
Exponential decay (8 =k,8, > 0) ((lp :ﬁ;) m (e ﬂéi/j));ﬂ) ?3'64 g :5300

p@)/p
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Fig. 2. Simple vertical distribution of primary production used for estimating the
parameter « in Table 1.

Eq. (5) is multiplied by S = 2¢Ds7, and the obtained equation
is combined with Eq. (3) to obtain

CwsiS2 = (P =] =P (P = Pes) + ATSp (2] = Pep) — (1 — @) F28pP
(6)

where A7 =71 — 7y, P = pép and Py = P — 118p, which defines the
effective rate of DO production, corresponding to the DO that is not
locally consumed in the active layer. In other words, Py is the DO
that is free to diffuse toward the atmosphere or deeper sediments
where it is finally consumed at a rate 7,. In the case of Po> 0, Eq. (6)
isinserted into Eq. (1) to obtain a second order polynomial equation
whose solution is given by

-5{(Lt)
W’l‘”%) 4(”"5’;@‘2(10{)5%"’)] 7

where P, = P — A7§p. The detailed derivation of this step is given in
Appendix. If, however, P, <0, two cases are possible: one where the
DO is consumed within the active layer, and the second where DO

is consumed in a thicker region of the sediments than Jp. In both
cases, the effective rate of DO consumption in the active layer is
defined as 73 = ¥} — aP/dp. With this definition, the first case occurs
if J/73 < 8p, where ] is calculated as follows

-2 (3 - (1)2_4gw
2 k k S
with S3 = 2¢73D;. The case described by Eq. (8) is equivalent to
the DO consumption in homogeneous sediment first derived by
Nakamura and Stefan (1994). In the second case, where DO is con-

sumed in a thicker region of the sediments than J/r3 > §p, J is
calculated as follows

S [(1 2808
]_2[(k+2 5

(e

(8)

2
2AT,6 2AT,8
= ”) 4 ( S (©)

Cw

Sz Y * Ss )
where A1, = 3 — 1. The algorithm for computing J as a function of
the parameters of the problem (71, 72, P, &, Cyy, ¢, Ds and k) requires
determining whether P,s = P — 1 dp is positive or negative. If P> 0,
Eq. (7) is used to calculate] Otherwise (Pef< 0), J should first be
estimated using Eq. (8). If J/73 < 8p, Eq. (8) is representative of the
problem; otherwise Eq. (9) should be used to determine J.

2.2. Experimental procedure

Experiments were performed in the Francisco Javier Dominguez
Hydraulics Laboratory of Universidad de Chile, in a wind tunnel
with a4 m long, 0.5 m wide, and 0.5 m deep tank, at the downwind
end (Fig. 3). The tank contains a variable depth false bottom with
open ends at each side, both upwind and downwind, so the wind-
dragged water is allowed to recirculate below the false bottom. The
water depth above the false bottom, h, was 3 or 5 cm. Moreover, in
the middle of the false bottom, a 0.15m long compartment was
filled with fresh sediments (Fig. 3) with a thin layer of microalgae
that produce DO, collected from the artificial lagoon O’Higgins Park
near the university campus in Santiago, Chile.

The microalgae layer in the top layer of the sediments was devel-
oped by filling the tank with a nutrient solution obtained from
a mix of drinking water (90%) and natural water from the same
lagoon as the sediments. The tank was kept agitated by running the
wind tunnel 9h per day, and cold white LED lights were installed
over the tank, exposing the surface of the sediment to 2950Ix
with a photoperiod of 16 h of light and 8 h of dark. Additionally,
eight 300 W heaters were used to control the water temperature
in the range of 24-25 °C. This basic configuration was maintained
for approximately two months, during which the evaporated water
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Fig. 3. Experimental setup.

was replaced with the same mix of 90% of drinking water and 10%
of natural water from the lagoon. Following this growth period, all
the experiments were conducted over approximately two weeks,
thus ensuring similar physiological conditions of the microalgal
community.

Each experiment was characterized by the water depth h
above the false bottom, and the wind shear velocity, u-. Both
h and u- define k; (Arega and Lee, 2005; Nakamura and Stefan,
1994; O’Connor and Hondzo, 2008; Steinberger and Hondzo,
1999). The water depth varied between 3 and 5cm while the
four wind shear velocities used were between 0 (no wind) and
2.27cms~ 1. For each experiment, the following measurements
were conducted: (i) vertical profiles of wind speed were mea-
sured with an Extech hot-wire anemometer. Each wind velocity
profile was constructed with measurements spaced every 1cm
the first two centimeter at the water surface and 2 cm above that
distance. At each elevation, the anemometer sampling rate was
set to 0.2Hz, and the wind velocity was determined by aver-
aging 30s of measurements. (ii) At the downwind end of the
sediment compartment, DO micro-profiles at both sides of the
WSI were measured with an OX-25 Unisense microprobe with an
outer tip of 25 wm. The microprobe was connected to a Microsen-
sor Multimeter Unisense signal amplifier. The vertical spacing
between two consecutive points of the DO micro-profiles was
set to 160 wm; this fine vertical displacement was achieved by
a semi-automatic motor that moves the sensor with a resolu-
tion of 80 wm. The sampling rate for the DO microelectrode was
1Hz, and the DO concentration used for the micro-profile was the
temporal average of 60 s of measurements. For each experimental
combination of h and u-, conditions with and without benthic pri-
mary production were characterized with six micro-profiles, three
for conditions with primary production, and three for conditions
without light. Turning the lights on or off was used to regulate pri-
mary production. The methodology for processing micro-profiles
is detailed in the following section. (iii) Finally, water tempera-
ture and salinity were measured with a TetraCon 925 conductivity
and temperature sensor connected to data Multi 340i data log-
ger.

Finally, in order to describe the upper part of the sediment
(5-6 mm), a Kimax-51 capillary glass with a 1 mm inner diameter
was mounted to the semi-automatic motor to sample the vertical
structure of the sediments. The contents of the capillary were ana-
lyzed with a 2x magnifying lens to determine the thickness of the
microalgae layer (8p ). To further describe this photosynthetic active
layer, thin slices of sediment were removed from the capillary and
observed on a microscope to identify groups of dominant benthic
species.

2.3. Data processing: DO micro-profiles

DO micro-profiles were processed to determine the parameters
requiredin Egs. (7)-(9) (see also Fig. 1). The particular parameters of
interest were the thickness of the photosynthetic active layer (5p),
therates of DO consumption in and below 8, (71 and ', respectively,
both of which were considered homogeneous in the corresponding
regions), vertical profiles of p(z), ] and the sediment porosity ¢. DO
micro-profiles were analyzed taking into account processes on both
sides of the WSI.

First, when p(z) =0 and r; and 7, are constant, Eq. (2) reduces to
a parabolic function. With this information, micro-profiles without
light were used to measure 7 by fitting a quadratic function to the
entire set of measurements between the WSIand 8. Then, to obtain
the vertical profile of p(z), Eq. (2) was integrated over the control
volume of the ith point in the micro-profile. Here i=1 corresponds
to the surface. The thickness of the control volume is Az=2z;_1 — zj41.
In this way, Eq. (2) integrated over the control volume was written
as

Zi-1 _ ) ac ac
/ (71 — p(2))dz ~ (T — p;) Az = PDs 5% z -

Ziy1 i1

Ziy1

(10)

where p; denotes the volumetric rate of DO production of the ith
point of the micro-profile, and the vertical gradients of C evaluated
at z;_1 and z;,; were estimated with a linear fit of the DO concentra-
tion using measurements i —2,i—1 and i for dC/dz|;,_1 and i, i+1
and i, i+2 for dC/dz|;,,1. Therefore,

#Ds

=—"  (By;-Bi1)+T (11)
Zi1 —Zi+1( i+1 i-1) 1

Di
where Bj;; and B;_ are the slopes of the linear fit required for the
vertical gradient of C at z=z;,; and z;_4, respectively. With this
information, the elevation of the WSI (zys;) was determined by
identifying the elevation where B; was at its maximum and p; —
was zero. Under light conditions, the photosynthetic zone (6,) was
manually defined as the depth below the WSI where p; >0. Once
8p was defined, , was obtained by fitting a parabolic function to
measurements below d, in micro-profiles with primary produc-
tion. An alternative computational method, described by Revsbech
etal. (1981), was used to process micro-profiles with h =3 cm wind
shear velocity of u- =0.30, 0.54, and 0.65 ms~!. This method calcu-
lated the rates of production based on the temporal change of DO
concentration, in contrast, the method that we propose, uses the
spatial changes to calculate the rates of production.
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With respect to the measurement of J, the DO concentration at
the WSI was obtained by evaluating Cys; = Bws; zyws; + Aws;, where
Byws; and Byys; are the coefficients of the linear fit for the points that
define the WSI. Combining Eq. (1) and the DO flux on the sediment
side of the WSI (i=WSI+ 1), the DO flux was calculated as

DD.
J= (15&74—5[) (Bwsrt + Bwsi+1)

(12)
where D is the molecular diffusion coefficient in the water that
depends on the measured water temperature, and ¢ is the porosity
in the upper layer of the sediment. Additionally, following Bryant
et al. (2010), Ds ~ ¢D. With this approximation, flux continuity at
the WSI allowed us to write:

ac|  ac

2
A (13)

zt

where dC/0z|,- and 0C/0z|,+ are Bys.1 and By, respectively
(Jorgensen and Boudreau, 2001). Then, the representative value of
¢ for the entire set of experiments was obtained by fitting a line
(y=Mx) to the entire data set of dC/0z|,- and dC/0z|,+.

This methodology is iterative in the sense that §, is defined by
identifying the depth at which p; = 0, for which it is required to know
71, which depends on &p.

3. Results
3.1. Qualitative description of the microbial mat

One of the objectives of the capillary glass was to measure the
thickness of the upper layer where benthic microalgae grow and
to compare this measurement with the value of §, estimated from
the DO micro-profiles. Fig. 4 shows the upper part of sediments
where a thin green layer is observed over the brown sediments.
This upper layer was 1.1 mm thick. The microscope analysis of
the green layer showed the presence of diatoms (Amphora sp.,
Navicula sp., and Cymbella sp.), filamentous cyanobacteria (Lybia
sp., Phormidium sp. and Plectonena sp.), bacterial colonies and pro-
tozoa. A qualitative analysis with the microscope showed that the

0 mm

1 mm

2mm ——

Fig. 4. Picture of a sediment sample obtained with a glass capillary.

abundance of microalgae decreased with the depth of the sedi-
ment. Together with organic matter mineralization, the respiration
of these organisms defines the rate of DO consumption in the
sediments.
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Fig. 5. (A) An example of a micro-profile that represents Eq. (7), with light, h =3 cm, and u- =1.15 cms~'. Horizontal bars indicate measured rates of DO production (Eq. (11)),
the solid line shows the linear fit used to measure J, and the dashed line shows the quadratic fit used to measure 7. (B) An example of a micro-profile without light where
DO consumption only takes place within 8y, represented by Eq. (8). This profile was generated without light, h=3 cm, and u- =0.87 cms~'. The solid line shows the linear fit
used to measure J, and the dashed line shows the quadratic fit used to measure 7. (C) An example of a micro-profile without light where DO consumption also takes place
below §8,, represented by Eq. (9). This profile was generated without light, h=3 cm, and u- =2.27 cms~". The solid line shows the linear fit used to measure J, and dashed line

shows the quadratic fit used to measure 7;.
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3.2. Micro-profile processing

Fig. 5 shows the results obtained from processing three DO
micro-profiles for conditions with light (Fig. 5A, Eq. (7)), with-
out light when DO is consumed in the photosynthetic active layer
(Fig.5B,Eq.(8)),and without light when DO is also consumed below
dp (Fig. 5C, Eq. (9)). Horizontal bars in Fig. 5A show the estimated
primary production calculated using Eq. (11); the dashed line
shows the fitted quadratic function used to obtain r,. Micro-profiles
without light were used to measure 71, and Figs. 5B and C show the
two different cases identified: Fig. 5B depicts the DO consumption
described by Eq. (8), where DO is consumed in the photosynthetic
active layer; Fig. 5C shows a characteristic micro-profile for the
scenario described by Eq. (9), where DO is also consumed below &p.
Additionally, sediment porosity ¢ was obtained using Eq. (13), as
shown in Fig. 6A. The equation yielded ¢? = 0.605 + 0.045, which is
equivalent to ¢=0.78.

Q0 s

o 1 2 3 4 5
p (kgO,m~2d™")

=)}
]

Fig. 7. Comparison of measured DO production rates (p(z)) from experiments with
h=3cm and u-=1.15cms"!. Horizontal bars indicate values of p measured with
Eq. (11) for the three replicate micro-profiles, and the solid line shows values of p
generated using the methods from Revsbech et al. (1981).

Once the entire set of micro-profiles was processed, the coeffi-
ciento defined in Eq. (4) was calculated by integrating p(z) to obtain
P and by integrating Eq. (4). Fig. 6B shows the value of the double
integral of Eq. (4) which was integrate numerically and called f,
as a function of 0.515812,. The slope of the curve is the coefficient a.
A constant value of «=1.21+0.18, which is in the expected order
of 1<a<2 defined in Table 1 and Fig. 2, was obtained. Thus, the
vertical profile of p(z) influences the DO exchange at the WSI. This
vertical variability is shown in Fig. 7, which compares p(z) mea-
sured in the experiment h=3 cm and u-=1.15cms~! based on Eq.
(11) (horizontal bars) and the Revsbech et al. (1981) methodol-
ogy (white circles and solid line). Horizontal bars correspond to
the range of results for three replicate micro-profiles measured
for the experiment. Similarly to Jergensen et al. (1983), Fig. 7
shows that the maximum rate of DO production occurs below the
WSI (between 0.2 and 0.4 mm), and the decays to zero with dis-
tance. This general pattern was observed with both methodologies,
although whether it is due to photo inhibition near the WSI or
because the microalgae biomass is not uniform in the photosyn-
thetic active layer (e.g., Hancke et al., 2014) is unclear. Additionally,
both methodologies provide similar values of p(z), which supports
our methodology for processing the micro-profiles.

3.3. DO fluxes at the WSI

The average values for the set of micro-profiles are summarized
in Table 2. The value of §, estimated with micro-profiles was
0.96 mm which is consistent with §,=1.1mm observed in the
capillary glass. Additionally, 71 was approximately one order
of magnitude larger than 7, which indicates that DO is mostly
recycled in the photosynthetic active layer. This statement is
justified by looking at the effective DO production (Pef = P — 716p),
which was of the same order of magnitude as the net consumption

Table 2

Summary of measured parameters.
Parameter Range
k(md-1) 0.113-0.807
(g 0,m3d™") 335-2543
f2(g O,m3d™") 40-323
dp (mm) 0.51-1.52
Ps(g0, m2d1) 0.882-2.028
Cwst (g0 m~3) 1.53-14.28
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Fig. 8. Partitioning of P, between J (gray area) and the rate of DO consumption
below §, (white area below diagonal).

of DO in 8, (F18p =0.92g O, m~2 dh. Consequently, because
Per=1.50g O, m~2d-!, approximately the 40% of the DO produced
is consumed by respiration and biochemical consumption within
8p. With respect to the rate of P, Eq. (3) shows that DO can either
diffuse toward the atmosphere (J>0) or be consumed below §, at
arate 7. Fig. 8 plots the partitioning between Py in terms of J (gray
area) and consumption below &y as a function of Pg (white area
below diagonalline). Fig. 8 shows that the increase in Pyis primarily
reflected in the increase of J, rather than an increase in the DO flux
toward the deeper sediments. For example, J~1.5g0, m 2d"!
was observed for experiments with Pe=2g0, m~2d-!, while
for P,;=1g0, m2d-!, J~0.4g0,m2d-!. As a consequence,
the DO flux toward deeper sediments was nearly constant and
independent of Pes (Per—J~0.52g0, m~2d~1).

3.4. Validation of the conceptual model

The conceptual model for computing J described in Egs.
(7)-(9) was tested against observations, and the direct compari-
son between observed (J,) and predicted (J,) values of J is shown
in Fig. 9. White circles were calculated with Eq. (7) and represent
conditions where Pr> 0 (Fig. 5A). Gray circles were calculated with
Eq. (8) and represent cases where P,s<0 and DO is completely con-
sumed in §p at arate r3 = f; — aP/dp (Fig. 5B). Finally, black circles
were calculated with Eq. (9) and represent the case where DO is
also consumed below §;, (Fig. 5C).

Fig. 9 shows that observed values of ] were well predicted by Eq.
(7)-(9), with a correlation coefficient R=0.98, thus validating the
conceptual model proposed in this article. To explore the behavior
that predicts Eq. (7)-(9) as a function of the hydrodynamic condi-
tions in the water column (k), Fig. 10 shows predicted values of the
dimensionless J/(S1Cy)!/2 and Cs as a function of ks = kCyy/(S1 Cw) /2.
Here, (S1Cw)'/? is the maximum DO flux consumed in homoge-
neous sediment for the limit k«— oo (Nakamura and Stefan, 1994;
de la Fuente, 2014). For any value of P, ]| rapidly increases with k«
(Fig. 10A), which demonstrates that J can be limited by turbulence
in the water column. In contrast, the value of ] became indepen-
dent of k- for the limit k-— oco, which represents the case in which
J is limited by the rate at which processes in the sediments occur.
Based on the results shown in Fig. 10A, J is limited by turbulence
in the water column if k- <0.2, whereas it is limited by sediment
processes for k- >3. With respect to Cs (Fig. 10B), as k- increases,
the DO concentration at the WSI approaches Cy. On the contrary,
for small values of k-, the DO concentration at the WSI increases
and reaches values up to several times Cy,. However, to put this
last result into perspective, recall that DO saturates in water, and

I I I I I
2_ ]
846
1 @ .
—~
o
q
g of .
oc\l
= o
N—
HKL
L @®© i
72_ -
| | | | |
-2 -1 0 1 2

J, (gOQm_2 d! )

Fig. 9. Comparison of observed and predicted values of J calculated using Eq. (7)
(white circles, Per>0), Eq. (8) (gray circles where P,;<0 and DO is completely con-
sumed within §,) and Eq. (9) (black circles).
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Fig. 10. The maximum DO flux consumed in homogeneous sediment as function
of k* = kCy/(S1 Cw)~ /2 for different DO production rates (P*=P(S; Cy)~'/2). (A) Flux of
DO through the WSI calculated using Egs. (7)-(9). (B) The difference between DO
concentrations in the sediment and the water.
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Fig. 11. (A) Sensitivity analysis of the calculated value of J as a function of « between 1 (lower limit of the error bars) and 2 (upper limit). (B) Sensitivity analysis to quantify
the influence of using homogeneous rates of DO consumption assuming ry = 7, (gray triangles) and r, = r; (white diamonds). Black circles were calculated with empirical

data.

past the maximum concentration, oxygen bubbles start forming at
the WSI.

3.5. Sensitivity analysis

An analysis was conducted to quantify how sensitive the estima-
tion of ] is to changes in « and to the use of two layers with different
rates of DO consumption. Fig. 11A summarizes the results obtained
by calculating ] when =1 (lower limit in vertical error bars) and
when « =2 (upper limit in error bars). Black dots in Fig. 11A cor-
respond to the values of J calculated using o=1.21, which was
obtained from micro-profiles. As expected, the influence of ¢ =1
on the calculated values of ] was smaller than of « = 2. This effect is
because o =1.21is closer to 1 than 2. Furthermore, the magnitude of
the influence of o in the estimation of ] (amplitude of the error bar) is
smaller than 20%. For instance, for J, ~1.5g0, m~2d~!, the ampli-
tude of the error bar was of 0.25g0, m~2 d~! that is equivalent to
16% of J,; while for the smaller values of J, (Jo~0.8g0, m~2d~1),
was approximately 14%.

The influence of the rates of DO consumption on the estima-
tion of ] was quantified by calculating J in two scenarios shown in
Fig. 11B, one where 7; =1, (gray triangles) and the second with
o = 1 (white diamonds), while holding the rest of the parameters
such as P constant. Black circles indicate values of | predicted with
the observed data. Smaller DO consumption rates are reflected in
larger values of J, which is due to the effective production. However,
by holding the effective production (P,) constant while changing
r,, the predicted values of J did not change with respect to the
original predictions (black circles). This result indicates that the
effective production P,s = P — 18) is the key parameter that defines
the magnitude of J.

4. Discussion

We studied the behavior of a calculation method of the flux
of DO across the WSI interface where benthic primary produc-
tion occurs in a thin layer on the top of the sediment. Processes
on both sides of the WSI were taken into consideration. On the
water-side of the WSI, the rate of diffusion of mass across the
diffusive boundary layer increases with turbulence in the water
column. In contrast, on the sediment side of the WSI, biochemical
consumption and the production of DO coupled with molecular

diffusion explain J. Looking at the problem from this perspec-
tive allowed us to propose a conceptual scheme to calculate
J as a function of processes occurring on both sides of the interface.
Depending on the magnitude of k, in the context of the dynamics in
the sediment, J can either be limited by the water or the sediment
side of the WSI. Similar results were obtained by Nakamura and
Stefan (1994) and Mackenthun and Stefan (1998) when there was
no DO production. More recently, de la Fuente (2014) studied DO
exchanges across the WSI with benthic primary production in the
field, again obtaining similar results; however, de la Fuente (2014)
did not evaluate the vertical variability of primary production or
different rates of DO consumption.

Although the context of this research was extremely shallow
salty lagoons of northern Chile, the results presented here can be
extended to similar shallow ecosystems including coastal lagoons
(del Castillo and Farfan, 1997; Lépez-Gonzalez et al., 1998), coral
reefs (Jimenez et al., 2008, 2011, 2012), shallow lagoons (Timms,
2005; Herb and Stefan, 2005; Alsterberg et al., 2011) or shallow
fjords (Attard et al., 2014).

The advantage of having a vertically integrated approach for
estimating J (Eqs. (7)-(9)) is that it can be used to directly under-
stand DO budgets in shallow lagoons without being having to solve
diffusion-reaction equations in the sediments. One of the possible
applications of Eqgs. (7)-(9) is the determination of the thickness
of the oxygenated layer of sediments below the photosynthetic
active layer. The thickness of this layer is controlled by P,f, which
does not diffuse into the atmosphere, and 7,; specifically, DO is
completely consumed at the depth (P —j)f;1 below &p. For our
experiments, this oxygenated layer of sediments below §, was
approximately 5mm thick. Below this surface layer, permanent
anoxic conditions are expected to occur; within this layer, DO fluc-
tuates depending on the diurnal cycles of respiration/production.
The thickness of this layer is generally unaffected by ki or Pes
(Fig. 8).

Two months of growth time were required to achieve adequate
microalgal biomass. The entire set of experiments was conducted
during two weeks to ensure that the physiological conditions of
the benthic microalgae community remained similar. Following the
inoculation of the tank with water from the artificial lagoon near
the University campus, the structure and composition of the ben-
thic community changed rapidly. These changes modify P.rthrough
direct changes in P, r; and 8. The coefficient « can also be modified
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by temporal changes in the mat composition; however, J is largely
unaffected by this coefficient. Further studies are required to bet-
ter characterize DO exchanges across the WSI as a function of the
benthic microalgae composition (abundance and richness).

DO exchanges across the WSI are controlled by processes on
both sides of the WSI. Egs. (7) and (9) were obtained by adopt-
ing this perspective for solving J and were successfully validated in
laboratory experiments.
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Appendix A.
A.1. Derivation of Eq. (5).

To obtain Eq. (5) from Eq. (2) itis required to compute the second
integral of the diffusive fluxes, that is

o 0 @ 0 0
/_51,/1 #Ds 022 dz’dz:/_ap/z (r(z/)—P(Z’)) dz'dz (A1)

with ¢Ds uniform. Then, following the standard integration, the
inner integral can be written as:
) (A2)
0

0 2
Pc ac
/Z ¢Ds 5 dz’ = $D; (E

where —¢Dg(9C/0z)|o =]. With this, the outer integral of Eq. (A1) is
written as

0
ac| ac

/ oD (a_‘ "o
~5 z|, 0z
The double integral of p(z) in Eq. (A1) is written in terms of o

(Eq. (4)), and by considering that r(z) is uniform equal to 71, Eq. (A1)
is finally written as Eq. (5)

_ac
0z

z

) dz = ¢Ds (Cs, — Cswi —JSp) (A3)
0

aPs, T183
¢Ds (Cs, — Cown —J8p) = 2 — == (A4)

A.2. Derivation of Eq. (7).

To Eq. (7), the DO concentration at the WSI is obtained from Eq.
(6)as

coo (PP P(P—Py) ARy (2U-Py) (1-a)issyP
WSS T S2 * S2 B S2
(A5)

With this,] = —k (Cw — Cwsy) from the water-side of the WSI (Eq.
(1)) can be written as

J= g (S2Cw = (P17 +P (P~ Py)
—AFSp (2] = Per) + (1 — @) T258pP) (A6)

Finally, terms associated to J2 and J are grouped to form the
second order polynomial equation, whose negative root is Eq. (7).
The positive root gives J > P that has no real meaning.
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